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1 A b s t r a c t :

11] this talk we prrsrvl( results of a repeat-pass SAR
intcrfrwnlwtry  cxlmrilneot prvforn)ccl in June  1993 near Portage,
Mai],c. l)iffrwlli.ial  (+1’S clata accurate to 4:1 ocrn were ac.quircd
to aid i!) nlotion collqmnsation  ancl gcolocation  of targets in the
illmgrry. ‘1’IW exlx, rilnrnt and data analysis will be cliscussed,
and rcwulls  will be shown cluril)g  tlm presentation.
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2 lntroductioll:

lt is well known that complex SAJt imagery acquired
sillllll( alwoos!y by two antenons  separated by an appropriate
basclioc  vector CaII 1)6 processed tb yield an elevation map of the
iloagc(l srwIe, ‘1’IIc  J]’],  (l-hand TO1’SAI~  sensor is one example

o r  S(lch II Systnl] [7> C1)I<CI’  c1 al, j 992]. It is one component Of
IIIC tl(lncll~olalizatioll, tllrc(-frcclucncy  airborne SAJ{ (AlltSAR)

Olm atcd I)y .11’1,, ‘lTIe l)rocessing of ‘1’01’SAJl clata into terrain
IIcigllt  maps is discussed in [Madscll et al, 1993].

Since low t’tcquoncy radar pcnrlrrttcs  foliage better than
at IIig,ll frcqum)cirs,  WIC  might, Impc that foliage height maps
COUkl bc derived by difTcrcvlcing clcvatioll maps  estimated from
low and high frcqorvlcy SARS.  Unfortunately, a lower frequency
~clsioll of the (!-IxIIIcI ‘1’01’SAR would require a baseline too
Iargc t o a IIOW hot 1) ant cnnas to bc easily acconnnoclated  aboard
tllc  NASA 1)( !-S. III ll}is paper  anotllcr  option is considered.

It is also possible to crcatc  terrain height maps with-
out (1IC nse of dual antcn!~as cm the SAR platforln,  Under ap-
propriate conditions n hcigli map mrry also be derived from
two SAI{ illlagm t akell on different passes past the same tar-
gr(  area. ‘J’llis is lefrwrxl to as repeat-pass SAR interferornetry
(1/1’1) [Gray /I’arris-MaOOiOg, 1993].  in this tecl,nicluc, complex
SAI{ il]la,c,cr~’ taken at. two difl’crcnt,  times over the  same area
aw I) Ioccssed (u drv ive tcrrai)l  elevation information. Gcncr-
iilly Sl)C:lliillg this call be doIIc if 1) the passes arc close enough
ill tilne  to avoid significant SCCIIC  dccowelation,  2) the Lascline
vrc(or  between tllc two passes is ‘(sufficiently constant”, 3) the
Lasrlil)e vector is nol so Iollg that the two images are spatially
dccorrcllatcd and 4 ) not so short that signrrl phase cliffcrenct?s will
Lc too sllmll to rcliahly  estimate elevation. In aclcfition, accurate
locntion of tile SAI{ platforln  a{ each pulse event is crucial to
determine tllc  intmfcrmnctr’ic hasclinc  as a function of time as
well as for accurate target  location,
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IIellce if the repeat pass tcclmiquc  is implemented us-
ing the AI I{SAI{  1,- or J’-}} and SARS, this height map may be
combinccl with the higher frcquenc.y map gcoerated  by TOP-
SAR to estimate tree heights over t}le imaged area. Of course
the accuracy of the estimates depend strongly upon the depth

‘ of penetration of the low frcqucnc.y SAR, so it is expected that
l’-banr.l will be preferable to determine the ground level terrain

nlap.

I)uriog  1993 two AJ{PA-sponsored exl,mimcnts  were pcr-
fol mcd with the J}’], AIRSAR sensor to dclnonstrate  the fea-
sibility of the tccliniclue. ‘J’he fir$t was located near  Portage,

Maine in the northca.stern  lJS in a predominately coniferous
forest. lhc second took place near ‘1’ully, Qucclmland in north-
eastern Australia in a tropical rrrinforest, Precise knowledge of
the platform position vs. time was provirfed by a cornbination.of
the onboard INIJ lncasurcrnents  and differential GPS mcasure-
nmnts using data acquirecl with JPL-designed  Turborogue  re-
ceivers. ‘f’hc G 1’S measurclncnts  are rcfinccl by post-processirlg
of the raw ‘Jhrboroguc clata at J1’1,.

in this talk we will present results of our attempt to
1) implc!nent  RP1 using 1,- and P-bancl AlltSAR  data and
2) to clcrive tree height maps for the Maine  si(e using L- or P-
ba.ncl 1{1’1 in conjunction with C-band TOPSAR  data ,
Note: the flight paths of the Australia experiment were ICSS
favorable for 1{1’1 than the hfainc  passes, but we hope to process
this data at a later date.

3  The 13xperimellt S i t e

‘1’lle site tlsecl for t}le experiment is an area near the town

of l’ortagc  in northern Maine, The terrain is gently rolling, vary-
ing in cicvation  flom approximately 210 to 250 meters within the
ilnagcd area. It is covered with predominant Iy coniferous forest,
nmch of which is second-growth due to widespread logging in the
area. There Are many clearings in the area, Illosth  left over from
logging activity. There arc also some opcil tlclcls used for hay, as
t}le land is i]l-snitecl to commercial farming. h!any of these clear
areas are  suitable locations for corner reflector dcpl~ytnent.

‘1’his alca  has been used frxqucntly in recent years by
groups from Ml’]’ l,incoln 1,aboratory  for raclar foliage penetra-
tion experiments. As sr result,, a lalgc  amount of ground truth
is avrtilab]c. “Ilis data inclodes measuremmlts  of biomass, tree
height, etc. at selected sites over an area of approximately 20
I{n12. These’clata can bc USCC1 to check estimate? of tree height
derived using the tcchniquc  mcotiolled  above.I
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,, For this cxpc~ilnent, four 2,4m triheclral  corner reflector:,
~ wcic placefl in CICilt’illgS  within the ilrmgccl  area, to }>e used as lo-
catiou rofrrcr]ccs in tile inlagcry. ‘1’IJc reflectors enclosed an area
cxtcl]dillg apprx~xil)latcly 4J<tn across- allcl alongtrack, E a c h
of illcse  was survrycd  using ‘lhrbcmqylc (31’S rcceivcrs provided
I,y tlw ,1]’], ‘1’rackillg  Systcn)s and Applications Section (’l’SAS).
‘J’lw survey was done ill diffrrelltial  Inodc, using a reference GPS
lcccivcr  1,5K111 frolll the site. J)ostproccssing  of the reflector lo-
calicm data  was done by I’SAS to refine the  position estimates
[I,icllten 1990]; src  also [\llclJl,/7,LIl]]lJclgc,,  1993]. ‘lJhc accuracy
of t lImc lll(~:ls(ll(,])lrtlts  is rstimrit  c(l to be better than +lOcm
(rclalivc  to tllc refcwncr  rccvive] location). Most of this is clue
to Illlccrtrrill(j  i!] t,ilc Ioca(iolj of the ])hasc centers of the reflec-
tors lclati~c  to Il)c survey points, since the uncertainty in the
s(a(ionirry  (ll>S l~wasulc)nfmts alone is bet.tcr than +lcm,

4  l)ata Collection/GPS  I>rocessing

‘1’lwJ1’1, AII{SA1{  1)(1 -8 flewcig]lt  passes over the site
on JIIne’24, 19!)3, A]) attempt was]naclc  to fly thcsarnc pathon
cacl) l)il SS, ill (Iw Ilopr that at lcas( onc pair of JJasscs suitable
forl{J’I  ~votll(ll)cac(l[lirc,cl. A ‘Ihrborogucrc  ccivcron the DC-8
was used in cot)jullctioll wilh the reference ‘J’urborogue on the
grou]ld (Iocii(c(l  atlllcsa l]~elef c,r[,llcel)oirlt  osecltosurveythc
rllarl;err[,flcc~ors)  toobtaiu  all accurateJ jositionh istoryofeacl]
pass at onc-sc,cond intervals. ‘J’he SAIL data was rccorcfecl in the
‘J’Ol)SAIt ]Imdc at [!-band  and in the AIJtSAl{  quadpolarization
n)odc with 40MIIz bandwidth at L- and P-band.

After the flight, tllc’I’llrl>orogllc data }vas processed by
‘1’SAS  toobtaitl IIigh-accnracy timcserics forthcplatformpo-
sition. Accurate. positic)ll estilnation  is obviously more difficult
for the nlovillg platfoml  than for tile stationary reflectors on the
gronnd,  hut tlw accuracy was still very good. I%c worst-crtse
I)osit ion unccr(ainty  for the GPS antcnnaon AIJtSAR  during
flight wasestit]]ated to be bctl.e[ than +lOcm;  the RMS error
was less thrtl} 3cm. ‘J’hcse ephc]ncris  estimates arc far better
than  ~Jtlyl)lr\i(Jtlsly  a\~ailal>lef( )rAI}lSAJtJ~ recessing.

Ohcll illmgc rmpliwd SAJI  data for a 20J{nl  extent cen-
terc(loll  tllrlcfl(~ctolar ray. ‘I’od&mnincthcbrx  tJ)airs of passes
fol illt[,rfcrolllctly,cacll  pair wasanalysccl  as follows. OncprIss
was albitra!ily CIIOSCII as a rcfcrcncc,  and its 20Knl flight path
was fit tn a linr to clctcrlllille a]! average velocity vector. ‘I}lc
positions for the second pass were then projected onto this line,
and tllcsc IJmjcclcd l)oints were usccl as an approximate rcsanl-
l)l({l\,(lsiol]  (Jftll( .l(, f(lcllcet,lacl {;tlliswa sclorleto ``linclr p'' the
(41’S satllplcs  of the two lracks  in tilnc. !f’hc instantaneous base-
Iitlrvec(orsfor tile pair wcrct,hrw approximated by the vectors
bctivec)j these pairs of points. This ensures that cacti baseline
vector is pcvpclldicular  to the average flight path. I’he aver-

ag[’ and standard  dmuatlon of these it]stantancorts  baselines was
,,

thml colllJ)utcd. Using the results of this analysis, pairs were
chosen for J1l’1 processing for which 1) the length of the pro-
jection  of t]lcir a~elagc haselinc  onto a. plane perpendicular to
tl)e45-(legt(,Cl ool<-i]]lg,l(~” vector was witl]in thcclesired  rangeof
il)t.(~lf(]o]]){~tric I)awline lengths and 2) the stanclard  deviation
of tJw Lasclinc variation was as sl]lall as possible.

.1,,
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5  SAI”l, l)a~a-”l~rocessing ““ ‘ ““

Oncc n J,air rif passes is selcctccl, the next step is to put them
in an rrppropriate  lcfcrencc  fralnc  for processing, Either  of the
passes lnay bc USCCI to clerive this; it wiil be referred to as the
reference pass. Once this is done, the G1’S positions for both’
J~asscs are transformed into the new reference frame.

A convenient frame is the “(s, c, h)” coordinate systcm,
where s, c and II arc respectively the along-track, cross-track
and rdtituclc variab]cs  of a “best  fit” spherical approximation to
the ellipsoid centerecl at the micldlc of the track. T}le (s, c, h) co-
ordinate frarnc is not a Cartesian frame, but instead a spherical
coordinate system designccl to locally approximate the  WGS84
rcfcrcnce  e]lipsoicl, ‘1’hc app~oxitnate  midpoint of the reference
pass ‘(as dctcrmil)ed  from tile postprocessed GPS data) is used
as the  rrrigiil  of tl~e rcfercncc  frame. ‘J’he sphere is chosen to
be locrilly tar)gcnt  to the ellipsoid at the origin, and to have
radius equal to the radius of curvature in the track direction,
This surface will deviate from the WGS84 ellipsoid by less than
0.5111 for tracks up to 200Km long. In this system s denotes
distance along the reference curve, which is a great circle in the
app~oximating  slhcre, c is the distance measured along the arc
J~clpcndicular to the reference curve, h is the height above the
rcfcrcnce  ellipsoicl.

lIaving  transforlnecl  the GPS data into the (s, c, h) sys-
tcln,  it must then be ‘used to clctermine the antenna phase ccn-
tcr  at each tran.wnit pulse tin)e. The postprocessed G1’S data,
while very accurate, is not satnplecl fast euou~h (1 IIz) to do this

accuratcl~,, On the other hand;  the All{ SAJ{-I,ASE1lItE1~ INU

syst~m is sampled  nlucll faster (5011z) ancl is accurate over slrort
time intervals, but has systematic errors which give rise to erro-
neous clrifts in position estimates. l’his  is especially true in t}le
vet tical clirectioll, siltcc t,hcsc estimates arc strongly dependent
upon t.tlc exact local value of the gravitational constant g, which
is unknown to the clevice.

I’his ploblc!ll was acldrcssccl by combining the position
estimates flon] the INU and the GI’S sensors to retain the best
features of the two in the. final J>osition estimates. Systematic
errors in the lNU were assumed to be esscntial]y  quadratic in
nature, This is certainly true in the vertical directiorr, since this
is l~lecisely the effect of an error in g, The approach used will
bc outlined here and discussed below:

1 ) align the G1’S a.rtd SAR clata in tinlc,
2) double-integrai,e the INU acceleration estimates to obtain
INU position estiinat,cs,
3) compute the cliffcrcnce between the INU and G}’S J)osition
cslimatcs  (A = ~’JN[) — Pc},$  ) for each (21>S  data point, inter-
polating the INU positions as appropriate,
4) do a cluadratic  fit of A in cac}l dilncnsion to the difference
fronl step 3, ancl . :

5) subtract the quadlatic  fit in each dimension,from  the INU
position data in that dimension.

‘Ibis procedure is dcsignccl to remove the quadratic conl-
poncot  of the drift between the INU positions and the accurate
(;1’S  positions fron] the INIJ clata, but ]caves the high-frequency
INU inforvnation  intact, Thus the GPS data are used as high-
acc[lracy J]osiiiot]s at a low sampling frequency, ancl the INU is
used to ‘<fill ill tlm gal)s” at the higher sampling rate,

I

,,, .
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Vollllncnts:
1 ) I;SICII All{SAll echo IIas an associated 128-byte header con-
tfiining nllcill{~ty illforlnation  SIlcl) as translnit  Lilnc, INU-n~easurt
accelcrntiollsi  l’lil,’, C(C. TIIC trnnslnit  time contained in this
I,mder  is dmived  froln n (;OIW satellite receiver on AIRSAR.
‘1’llis Lil]w is vrty  acc~lrntc, hut only I]nsec precision is available,
IIlilliillg  tl]is lilnc ol]s(litablc  for pulse-to-pulse timing computa-
iiolls. ‘1’hus t.hc GOIM tilm was only usc,cl to align the GF’S
data  with (he IN(J data after  accounting for the  propagation
tilnr frcnn the C4C)I;S satellite. This offset is a function of the
SGIISOI  locatio]l and is al)l)roxilnately  constant for a given data
sot,

2) ‘J’l]o I))iljol  caIIsrs for IN(1 )Iwasurcmlents drifting from true
posi(iol] cstilllales  arc ui)kmnyn a n d  uuconlIJensatecl  accelera-
t iol) hisses in i lIrI IN(J. ‘1’l)rsr  ale a]>proxill]at cly constant over
a data lilk(,. ‘1’llis is the rcasoll cluadratics  were fit to the resid-
uals above, 11] tlw vertical direclion  we also nmst compensate
for ll]r  fact that  the  INU usrs a value of g that is not altitucle-
cc)]lq)cnsatrd, l’his  ~ccounts for at] additional acceleration bias
ill lhc veltica!  direction.

once l)rccisc locations  arc available for t}le antenna phase
ccn(ms at ~ilcl) tlanslllit cvcn(, 1{1’1 processing can proceed as
oll(lilled ill [Mil(l  SCll ct  al, 1993], with some mocliflc.ations. First,
n)otion colnpensation  is dol]e to a common reference line as de-
scribed in [(4ray/Farris-hlar~l~illg,  1993] instead of parallel refer-
ence Iincs as describc,d in [hfaclsen d, al, 1993]. Also, the TOP-
SAR/AIRSAR imtrunmnt  transmits a varia}>le PRF  to maintain
a comtant along-track spacing between pulses, which is linked
to t Im 1 NU velocity. Since the INU velocity estimates are not
suflicient]y accurate, the true along-track spacing varies from
pass to pass. “1’his necessitates interpolating (presuming) the
two data sets (o the sallw constant along-track spacing, as well
as  to align tl)e ])[llses. In addition, the raw complex imagery is
c.ross:cotlcl~tc~cl and IIIC resulti]lg offsets are uscxl to obtain fine
residual ]tmt iol] esti]nates  not coinpcmsated  for with the afore-
llmlltiollrd Illotioli conqm]satioll  schcmc. M i n o r  rnoclitlcations
to tl)c scaltrwr location algol ithtll arc also required to account
for tlw sphwical  gcollmtry and the common reference line ap-
proach.

once 1{1’1  and ‘1’OPSAR  processing is complete, the rel-
ative  Imnctration  at l}ic two bancls may be estimated by differ-
cwcing  tl)c ‘1’01’SAI{  and 1{1’1 terrain maps. I’his will hopefully
be st m]gly  correlated to tree heights.
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